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Some of the geological formations of Upper Jurassic and Cretaceous age in the Boulonnais area (Strait of Pas-de-Calais, Eninshw
Channel) show levels relatively rich in glauconite (a few weight% to 44 wt%). Recent works have shown that glauconite could
have formed during (very) early diagenesis; this authigenic phyllosilicate could have thus witnessed the chemical conditions
prevailing at the sediment-water interface or a short distance below it. This can be of particular interest in the case of the Assises
de Croi Formation showing alternating carbonate beds and marly beds. The beds are of early diagenetic origin and contain popu-
lations of glauconite grains which formed even earlier. Glauconite can therefore be considered here as the privileged proxy to
the sediment-water interface conditions during the development of the limestone-marl alternation, which is a common pattern
in the sedimentary record worldwide. Glauconite was observed from the perspective of its chemical composition (including REE)
as well as that of the particle size distribution. The results show that, if redox-proxying trace elements such as V, As, Ge can reflect
the redox status of the conditions in which glauconite was formed, this is not the case for REE. The only parameter linked to REE
which provides paleoenvironmental indications here is YREE, being negatively correlated with the sedimentation rate. It is sug-
gested that REE were all the more incorporated to glauconite when the sedimentation rate was low, but without any appreciable
fractionation among REE. Concerning the limestone/marl alternation, our results show that its development is linked neither to
variations in redox conditions nor to hydrodynamic changes of the depositional environment. This is a diagenetic phenomenon,
the cause of which remains to be determined. Finally, a relationship could be highlighted between the sedimentation rate and

the size of the glauconite grains grown in situ.
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Les formations géologiques du Jurassique supérieur et du Crétacé du Boulonnais (détroit du Pas-de-Calais) peuvent présenter des\
teneurs notables en grain de glauconite (de quelques % pondéraux a 44 %). Des travaux récents ont montré que cette glauconite s’est
formée au cours de la diagenese (tres) précoce; ce phyllosilicate authigénique aurait ainsi pu étre le témoin des conditions paléo-envi-
ronnementales — en particulier, chimiques — régnant a l'interface eau-sédiment ou a une courte distance au-dessous. Ceci peut étre
particuliérement intéressant dans le cas des Assises de Croi présentant une alternance de bancs carbonatés et d’interbancs marneux.
Les bancs carbonatés sont d'origine diagénétique précoce et contiennent des populations de grains de glauconite qui se sont formés
encore plus tét. La glauconite peut donc étre considérée ici comme l'indicateur privilégié des conditions d'interface eau-sédiment lors
du développement de I'alternance calcaire-marne, qui est un faciés commun dans les archives sédimentaires mondiales. La glauconite
a été observée du point de vue de sa composition chimique (y compris les Terres Rares) ainsi que de celui de la distribution de la taille
des particules. Les résultats montrent que, si des éléments-traces tels que V, As, Ge peuvent refléter le statut redox des conditions dans
lesquelles la glauconite s'est formée, ce n'est pas le cas pour les Terres Rares. Le seul parameétre lié aux Terres Rares qui fournisse ici des
indications paléoenvironnementales est Y REE, qui est manifestement li€ d la vitesse de sédimentation. Il est suggéré que les Terres Rares
étaient d'autant plus incorporées a la glauconite que le taux de sédimentation était faible, mais sans fractionnement visible au sein des
Terres Rares elles-mémes. Par ailleurs, concernant les alternances, nos résultats montrent que leur évolution n'est liée ni aux variations
des conditions redox ni a celles de I'hnydrodynamique du milieu de dépét. Il s’agit d’'un phénomene principalement diagénétique dont
la cause reste a déterminer (la condensation sédimentaire est une cause probable, J.-F. Deconinck, communication personnelle, 2024).
Enfin, une relation a pu étre mise en évidence entre la vitesse de sédimentation et la taille des grains de glauconite développés in situ :
une relative condensation sédimentaire accompagne une augmentation de la taille des grains de glauconite. Au total, les grains de
glauconite peuvent avoir une vraie valeur d’indicateur paléo-environnemental, a condition que leurs conditions de formation aient
été bien définies.
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1. INTRODUCTION

Glauconite belongs to the family of authigenic green
clay minerals often grouped under the name glaucony. It is
a phyllosilicate close toillite, rich in iron (Fe) and potassium
(K; Odin & Matter, 1981; Velde, 2014; Banerjee et al., 2012a,
2012b, 20163, 2016b; Huggett et al., 2017; Huggett 2021; Bansal
et al,, 2020, 2022; Roy Choudhury et al. 20214, 2021b). The
work of Odin & Matter (1981) established a link between
the chemical composition of glauconite and the duration
of its formation during authigenesis. A K O content > 8%
andaFe O, contentin the range of 24%-28% would indicate
growth lasting between 3.10° years and 1.10° y. These works,
often taken up by other authors, have been questioned (e.g.,
Chafetz & Reid, 2000; El Albani et al., 2005; Baldermann
et al.,, 2013, 2022; Follmi, 2016; Meunier & El Albani, 2007;
Wilmsen & Bansal, 2021) and Tribovillard et al. (2023a)
showed that, in some cases, glauconite minerals corres-
ponding to the “highly evolved” stage defined by Odin &
Matter (1981) were nevertheless formed during (very) early
diagenesis. The present study does not address the issue of
exact time requirement for formation of glauconite. See for
instance the relation between K O concentrations and the age
of glauconite in the Gulf of Guinea (Odin, 1988; Tallobre etal.,
2019; Giresse, 2022 and references therein). The focus is here
set on the relative chronology. For instance, early (or earliest
diagenesis) means that the phenomenon occurred while live
in-fauna was dwelling the sediment. It is not discussed how
long such dwellinglasted (years or thousands of years?); only
the successive steps of the diagenetic course are taken into
consideration. Regardless of howlong it is grown, glauconite
isan authigenic mineral and its chemical composition should
reflect (atleast partly) the conditions of diagenesis. If, in addi-
tion, this mineral can form during very early diagenesis, then
it may reflect the paleo-environmental conditions prevailing
at the sediment-water interface, or immediately below this
interface. In other words, glauconite can be considered to be
a marker of depositional conditions and subsequent diage-
nesis episodes. In this perspective, we studied glauconites
of different ages (late Jurassic to Cretaceous) present in the
Boulonnais area (northernmost France) with an emphasis
seton trace elements and, in particular, Rare Earths Elements
(REE). One of the aims of the present work is to assess the
robustness of the chemical composition of glauconitic grains,
used as a tool in paleoenvironmental reconstructions, which
is of interest to the community of paleoenvironmentalists
and sedimentary geochemists. In particular, we examined
the limestone-marl alternations of the uppermost Jurassic
(Assises de Croi Formation) to determine whether the
carbonate beds vs. marly interbeds were generated under
contrasting environmental conditions. Relatively few studies
were devoted so far to the REE distribution in glauconites
(e.g., Fleetetal.,1980; Stille & Clauer, 1994; Jarrar et al., 2000;
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Wigley & Compton, 2007; Kechiched et al., 2018; Giresse et
al., 2021) and this paper aims to decipher which information
can be derived from this geochemical parameter.

2. MATERIAL, METHODS AND A REMINDER
OF SOME PREVIOUS RESULTS

In the Boulonnais region, glauconite is commonly
observed in the geological formations of the Upper Jurassic
and Upper Cretaceous, cropping out between Boulogne-
sur-mer and Cap Blanc-Nez, along the Strait of Pas-de-Calais
(a.k.a. English Channel; Fig. 1), and some glauconite-rich
levels or geological formations have been studied recently
(Tribovillard etal., 2021, 20233, 2023b). Studies on the glauco-
niticlevels at the base of the Cenomanian chalk showed that
this mineral was not reworked and had formed in situ thanks
to episodes of decreased sedimentation rate in connection
with the great transgression of the Late Cretaceous (Amorosi
& Centineo, 2000; Tribovillard et al., 2021). By extending their
study to the formations of the middle part of the Cretaceous
(glauconitic sandstones of the Aptian-Albian and transi-
tion layers with the chalk) and those of the Upper Jurassic,
Tribovillard et al. (2023a) concluded that the glauconite of
the deposits studied had formed in shallow marine environ-
ments. Furthermore they showed that oyster patch reefs,
frequent in the Jurassic of the Boulonnais, must have been
an environment conducive to the synsedimentary forma-
tion of glauconite. This work also showed that the richness
of glauconite in vanadium (V) and arsenic (As) could be
directly linked to the redox conditions that prevailed during
authigenesis. Finally, the work by Tribovillard et al. (2023b)
focused on the glauconite present in great abundance in the
limestone-marl alternations of the upper Tithonian Assises
de Croi Formation (Fm). The limestone beds resulted from
the coalescence of limestone nodules formed during early
diagenesis. This study shows that the glauconite, trapped
within the nodules and beds, was even earlier than the forma-
tion of the nodules, in the course of the diagenetic stages.
Based on the three studies mentioned above, we intend to
know: 1) whether the glauconites that formed in different
environments and at different ages show a contrasting REE
signature, and 2) whether the REE distribution of such an
authigenic mineral could be a useful tool for paleo-environ-
mental reconstructions, when examined in conjunction with
redox-proxying trace metals.

The samples examined in the present study are those
presented in the works mentioned above (Tribovillard et al.,
2021, 20233, 2023b; plus four samples of chalk: Craie1-4); their
locations are indicated in Table 1. The analytical data used
here (gathered in Table 2) come from these papers (samples
ONM1-4 from Tribovillard et al., 2021; samples of the Assises
de Croi Fm from Tribovillard et al., 2023b; the other samples
from Tribovillard et al., 2023a). The REE data of the samples
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Fig. 1. Location and stratigraphy of the glauconite-rich levels studied here (numbered 1 to 6) along the shoreline of the Boulon-
nais region, also called Coast of Opal, in the Pas-de-Calais Strait (English Channel). Map drawn using Geoportail © IGN

Fig. 1. Localisation et stratigraphie des niveaux riches en grains de glauconite étudiés ici (numérotés de 1 a 6) le long du littoral de la
région boulonnaise, également appelée Cote d'Opale, dans le détroit du Pas-de-Calais. Carte réalisée a I'aide du Géoportail © IGN
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Table 1. Stratigraphy, short description and location of the levels sampled for the present study. Sample names and locations

refer to Fig. 1.

Tableau 1. Stratigraphie, bréve description et localisation des niveaux échantillonnés pour la présente étude. Les noms et empla-

cements des échantillons font référence a la figure 1.

of the Assises de Croi Fm examined in the present study were
unpublished yet (Table 2). All the samples analyzed but four
are populations of glauconite grains extracted from the rocks
as explained below. Four bulk-rock samples of glauconitic
chalk were added to complement our understanding of the
geochemistry of the glauconite of the chalk. These samples
are labeled craie1 to craie4 ; they correspond to the four facies
studied by Tribovillard et al. (2021).

The chemical analyzes were carried out by the SARM-
CRPG facility of the CNRS in Nancy on glauconite grains
extracted from the rocks. This glauconite was isolated at Lille
University after acid treatment (HCl) and magnetic separa-
tion with an isodynamic Frantz apparatus, according to the
protocol described in Tribovillard et al. (2023a). The chemical
analyzes were carried out by ICP-OES and ICP-MS according
to the protocols described in Carignan et al. (2004). REEs
have been normalized using the Post-Archean Australian
Shale or PAAS (Taylor & McLennan, 1985). The anomalies
in cerium (Ce) and europium (Eu) were calculated according
to Rollinson and Pease (2021) and the ratios La/LuN, La/
SmN and Gd/YDN (the subscript N stands for normalized)
were calculated to highlight possible enrichments in light,
medium or heavy REE (Rollinson & Pease, 2021). As regards
the determination of glauconite, phase identification, based
on peak positions (d-spacing) and relative intensities, has
been performed on X-ray Diffraction patterns via Rietveld
refinement on disoriented powder (X'Pert high score Plus
software —- PDF4 database). This method was used in each of
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our previous studies (Tribovillard etal., 2021, 2023a, 2023b).
Lastly, in an attempt to observe the core of the glauconite
grains or a possible zoning, handpicked grains of glauconite
were embedded in resin and a thin section was cut for SEM
imaging and photonic microscope observation.

Before exposing the results for the present study, some
results mentioned in our previous papers cited above
must be reminded here, complemented with new illustra-
tions. Glauconite is the only green mineral identified in
the Mesozoic rocks studied in the Boulonnais. All XRD
analyses yielded the same diffractograms, examplified in
Fig. 2. Some previous observations performed on the grains
may be summarized as follows. The glauconite grains show
a homogeneous dark color, whatever formation they come
from (Fig. 3). They usually show cracks, discrete or not
(Fig. 4A-D; Tribovillard et al., 2023b). Last, high contents
iniron, aluminum and potassium are the usual geochemical
markers of highly evolved glauconite. See also the discussion
herein below about the correlations between KO and Rb,
and between Sm and Nd, also confirming the high maturity.
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Samples | As Ba Be Bi Cd Co Cr Cs Cu Ga Ge | Hf In Mo Nb Ni  Pb Rb Sb| Sc [Sm Sr [ Ta Th U V W Y | Zn
wgfg pg/g pglg po/g pofg | podg po/g polg po/g polg pglo pglg pgla  pglg  po/g  pglo po/g polg pgfg podg |pglo polg | pofg pofo | pofo  pgfo | podg | pglo | polg

GG1 251 684 655 < 003 285 218 457 95 221 533 282 006 <LD. 117 525 380 211 048 2537 092 412 090 059 031 322 <LD. 172 891
PRA1 269 136 630 012 003 995 138 086 43 128 815 134 005 <LD. 277 180 560 279 021 11,32 0,38 235 009 017 013 131 <LD. 062 720
PR2 260 136 627 011 003 991 139 087 39 127 811 1,30 004 <LD. 277 178 527 274 020 11,39 037 221 0,09 020 013 128 <LD. 068 71,7
PR3 261 639 7,03 007 002 295 267 500 230 233 531 318 007 065 194 602 455 216 057 2483 1,16 447 140 134 068 327 <LD. 330 990
PR4 269 163 717 045 <L D 997 143 093 115 129 803 136 005 <LD 276 211 939 279 031 1158 051 222 010 025 027 130 <LD. 078 7089
P1 284 443 829 008 003 147 302 218 131 222 808 251 005 065 584 228 989 235 050 1496 144 330 035 210 0B5 150 <LD. 109 749
P2 272 47,6 592 013 004 121 280 1,70 11,6 160 857 314 004 <LD. 635 17,7 463 205 0,30 1345 091 381 037 195 046 138 <LD. 651 718

T 555 11,9 590 0,08 <LD. 253 110 936 < 128 473 152 004 <LD. 245 494 372 242 047 971 076 181 018 022 010 868 <LD. 073 468
SP 5,83 488 584 009 004 250 118 728 < 127 497 140 005 <LD, 247 457 2,39 251 045 1008 078 250 0,19 0,15 013 90,5 <LD. 061 51,6
Cenom 587 150 586 009 002 259 115 851 36 135 498 1,32 004 <L.D. 283 531 227 257 053 98 08 259 018 030 015 962 <LD. 057 555
Craie1 425 110 1,52 0,12 006 126 396 303 47 590 1,47 1,01 <LD. <L.D. 309 298 495 71 036 419 078 4919 025 243 125 37,8 <LD. 1019 273
Craie2 370 523 1,43 0,15 004 109 362 280 41 545 1,28 096 <LD. <LD. 295 253 3938 67 029 407 087 4379 025 216 104 353 <LD. 892 217
Craie3 382 722 1,40 017 005 914 387 286 B0 624 135 1,26 <LD. <LD. 374 248 530 65 034 472 098 5269 032 293 115 39,0 <LD. 11,25 262
Craied 11,5 87,3 379 0,15 007 240 769 646 65 10,2 315 168 003 <LD. 424 537 788 155 051 7,75 1,03 321,3 034 328 248 70,7 <LD. 1303 394
ONM1 586 194 615 0,09 <LD. 243 115 924 488 13,1 480 1,34 004 <LD. 283 530 239 252 060 932 293 328 018 017 013 920 <LD. 039 549
ONM2 608 344 568 0,10 <LD. 333 109 914 288 139 475 1,19 003 <LD. 318 646 204 258 076 815 28 250 017 009 009 924 <LD. 026 500
ONM3 582 483 582 0,10 <LD. 292 113 846 342 145 525 1,72 <LD. <LD. 3,13 688 204 249 076 7.83 179 240 015 010 010 945 <LD. 029 582
ONM4 6,09 310 663 0,10 <LD. 254 125 961 54 134 507 1,30 005 <LD. 266 526 281 262 053 984 1,01 281 018 015 015 958 <LD. 047 543
BedA 303 146 814 009 003 118 260 081 96 182 851|181 004 <LD 371 21,0 404 279 019 1542 062 201 |0,14 073 027 146 <LD. 347 939
BedB 315 211 7.44 0,11 003 964 165 079 85 168 807 1,79 004 <LD. 289 179 599 270 0,16 1317 081 198 0,13 056 023 131 <LD. 093 854
BedC 310 149744 012 002 934 173 073 74 155 819 181 005 <LD. 281 172/521 279 0,16 1284|069 195 011033 022 136 <LD. 088 832
BedD 326 182 802 0,10 003 853 207 088 96 175 847 242 005 <LD. 397 178 508 272 017 14,11/119 210 018 068 039 158 <LD. 228 858
BedE 293 184 768 0,13 007 105 200 109 73 157 818 175 005 <LD. 395 186 607 290 020 1213 065 207 021 184 043 136 <LD. 501 887
BedF 253 251874 0,10 002 11,9 241 164 98 194 7,87 250 005 <LD. 497 182 521 259 0,16 14,17 097 237 038 079 038 144 <LD.| 551 919
BedG 26,3 30,8 899 0,10 004 127 485 1,78 242 21,7 688 317 005 055 764 21,8 906 239 0,27 1675(1,33 326 059 2,35 082 174 <LD. 209 127
InterBed A 298 201 836 /0,09 003 11,8 238 1,08 85 182 840 232 004 <LD. 353 191 433 273 019 1619 0,94 186 |0,16 1,23 0,32 146 <L.D. 498 895
InterBed B 34,3 16,7 8,05/0,10 <LD. 987|178 073 73 17,8 842|223 004 <L.D. 306 17,8 510|273 021 1454 093 170 |0,14 089 0,26 137 <LD. 321 822
InterBed C 31,0 14,8 7,89 012 <LD. 959 178 078 45 162 800 204 004 <LD. 282 17,3 535 281 017 1332 /081 182 012 056 024 143 <LD. 204 764
InterBed D 32,4 16,1 7,66 0,10 002 7,09 191 078 50 161 7,97 219 005 1,31 355 153 4,98 272 019 1360/0,77 183 015 081 033 150 <LD. 267 702
InterBed E 290 166 713 /0,11 002 100|187 093 61 148 823/198 004 062 341 176 593 266 021 1214 069 203 |018 110 034 135 <LD | 382 794
InterBed F 248 233 870 0,11 002 118 264 160 84 198 7,28 284 005 <LD. 500 186 582 255 0,18 14,34 1,22 252 |0,31 123 053 147 <LD. 900 835
InterBed G 26,0 264 7,89 0,12 003 10,7 311 144 143 179 767 280 005 061 491 192 666 245 0,23 1449 1,01 267 035 264 055 149 <LD. 800 97,0

Samples La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Si0; Al 0; Fey,03) MNnO MgO CaO | Na; KO0 TiO, Py0;
vg/g | wg/g | pglg | pg/g | wglg | pgfg | pofg | wg/g  polg  wolg | pglg | palg | uglg  pglg | % % % % % % | % | % % %

GG1 454 952 113 414 0653 0,114 0448 0060 0327 0062 0,167 00258 0,182 0,029 51,06 1034 17,16 0,016 359 053 005 698 036 <LD.
PR1 0,962 195 0253 0973 0,95 0036 0,133 0,016 0,092 0019 0,056 00088 0,084 0010 47,47 544 2747 <LD. 273 020 003 B09 0048 017
PR2 186 437 0578 232 0427 0071 0,235 0,027 0119 0022 0061 00095 0068 0010 4766 550 2741 <LD. 273 020 003 812 0053 017
PR3 165 321 354 127 1,86 0328 113 0,137 0693 0,121 0,314 00459 0,336 0,052 50,89 10,10 1676 0,021 3,52 058 008 678 0,73 0,13
PR4 113 293 0439 1,95 0401 0072 0,229 0,026 0131 0026 0074 00111 0084 0012 4762 548 2717 <LD. 274 018 003 B14 0053 0,16

P1 183 435 574 230 439 0772 276 0350 191 0378 105 0157 0985 0148 4839 734 2297 0017 242 031 008 7,06 024 027
B 217 541 895 276 499 0829 277 0299 140 0235 0596 00858 0,540 0,080 56,14 658 1914 <LD. 210 042 008 830 022 012
il 108 292 0276 1,06 0207 0,041 0168 0023 0,134 0025 0,065 00105 0,074 0010 5252 754 1937 <LD. 382 030 002 7,85 00585 <L.D.
SP 0,847 216 0,182 0742 0,151 0,037 0,122 0,017 0095 0018 0054 00070 0057 0008 5161 746 2015 <LD. 384 031 < 8,03 0051 <LD.

Cenom 0822 232 0209 0794 0,156 0032 0,137 0017 0096 0019 0047 00070 0051 0007 50,82 7,81 2001 <LD. 401 031 002 821 0051 <LD.
Craie1 12,113 2323 3,004 12,262 2474 0554 2216 0,316 1,834 0,358 0922 01288 0,799 0,119 21,85 387 518 0087 1,54 3347 034 219 0,13 048
Craie2 10,676 21,03 2,606 10,418 2192 0489 1912 0271 1,544 0311 0,801 01158 0,722 0,108 20,40 370 477 011 1,46 3506 032 2,08 0,13 0,30
Craie3 13111 2519 3260 12,989 2,690 0576 2,330 0,334 1,965 0,387 1,028 01470 0928 0,142 2326 426 4,38 0073 1,50 3305 045 197 0,17 034
Craie4 16,762 4478 4,180 16,782 3485 0,757 3,036 0412 2,282 0441 1,110 01560 0960 0,144 38,83 645 11,45 0041 2,52 17,22 019 490 0,17 086
ONM1 0861 143 0,166 0628 0,111 0020 0,089 0,012 0067 0014 0039 00063 0,048 0007 5303 7.66 1959 <LD. 398 038 003 819 0056 <LD.
ONM?2 0281 060 0068 0260 0051 0011 0,039 0006 0039 0008 0024 00035 0029 0004 5245 795 1946 <LD. 418 031 003 B39 0044 <LD.
ONM3 0378 073 0087 0326 0065 0014 0,047 0007 0047 0010 0031 00053 0,049 0007 5251 795 1943 <LD. 427 030 003 848 0042 <LD.
ONM4 0681 182 0160 0637 0,133 0025 0,109 0015 0085 0018 0045 00061 0048 0006 5231 7,63 2028 <LD. 397 034 002 825 0049 <LD.
BedA 468 117 159 658 126 0210 0782 0,102 0595 0124 0345 00509 0327 0045 4801 596 2760 <LD. 263 020 005 840 0080 017
Bed B 511 119 149 575 0992 0,164 0532 0054 0238 0038 0095 00145 0102 0016 4753 545 2820 <LD. 283 018 004 815 0078 017
BedC 254 642 0846 343 0613 0,105 0,338 0,037 0179 0034 0096 00160 0122 0019 4693 535 2892 <L.D. 274 018 004 830 0066 018
BedD 567 141 183 711 136 0221 0733 0084 0426 0084 0236 00357 0247 0036 47,39 596 2759 <LD 275 021 005 809 011 019
Bed E 190 492 639 250 465 0733 237 0242 111 0192 0519 00790 0515 0077 47,46 577 2764 0017 278 018 004 813 0,15 018
Bed F 571 134 172 679 1,33 0222 0932 0,139 0903 0,199 0544 00835 0539 0078 4834 699 2528 0,017 297 024 006 7,88 0,19 0,14
BedG 182 485 654 264 508 0846 347 0523 344 0749 213 0321 192 0283 4848 806 2308 0,040 303 029 006 761 050 012
InterBed A’ 663 149 188 737 140 0236 101 0,144 0856 0177 0491 00723 0451 0083 4765 618 2768 <LD. 251 047 004 827 0,10 017
InterBed B 4,48 102 130 489 0942 0149 0659 0,091 0578 0,123 0,338 00489 0316 0043 4599 539 2889 <LD. 254 015 004 824 0081 0,19
InterBed ¢ 408 102 135 542 101 0174 0809 0073 0,395 0076 0,207 00291 0203 0028 4721 555 2887 <LD. 273 018 004 832 0074 0,19
InterBed D 5,19 128 | 1,69 669 1,21 0208 0,747 0,092 0493 0,098 0,283 00428 0,292 0042 47,33 587 2811 <LD. 270 019 004 816 0097 020
InterBed E 131 347 463 188 338 0558 177 0,182 0854 0,146 0393 00535 0,358 0,050 4861 569 2718 0,017 265 019 004 7,89 0,13 0,18
InterBed F 636 148 197 782 160 0298 135 0219 148 0331 0928 0138 0880 0126 4798 720 2522 0018 298 027 005 7.87 021 017
InterBed G 316 882 115 458 844 1038 436 0438 194 0324 0875 0122 0805 0,114 4837 686 2503 0023 282 024 005 770 027 016

Table 2. Chemical composition of the samples studied. LOI stands for loss on ignition, <L.D. stands for below limit of detection. Sample location in
Fig. 1 and Table 1.

Tableau 2. Composition chimique des échantillons étudiés. LOI signifie perte au feu, <L.D. signifie en dessous de la limite de détection. Emplacement des
échantillons sur la figure 1 et dans le tableau 1.
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Fig. 2. (top) Typical diffractogram
showing that all the green minerals
studied are glauconite. Phase iden-

tification, based on peak positions
(d-spacing) and relative intensities,
has been performed on X-ray Dif-
fraction patterns via Rietveld refi-
nement (X’Pert high score Plus
software - PDF4 database). The
main peaks of the glauconite mine-
ral appear at 2-Theta: 8.75 (100%),
34.60 (100%), and 19.58 (80%) at
d-spacings of 10.100, 2.590, and
4.530 angstroms , respectively.
Fig. 2. (en haut) Diffractogramme
typique montrant que tous les miné-
raux verts étudiés sont de la glauco-
nite. L'identification de phase, basée
sur les positions des pics (espace-
ment d) et les intensités relatives, a
été réalisée sur les diagrammes de
diffraction des rayons X via l'ajus-
tement Rietveld (logiciel X 'Pert high
score Plus - base de données PDF4).
Les principaux pics du minéral
glauconite apparaissent a 2-Théta :
8,75 (100 %), 34,60 (100 %) et 19,58
(80 %) a des distances réticulaires
d de 10,100, 2,590 et 4,530, respec-
tivement (en Angstroms).

Fig. 3. (bottom) Typical view of
the glauconite grains observed in
the various geological formation
at stake in this work, using bino-
cular microscope.

Fig 3. (en bas) Vue typique des
grains de glauconite observés dans
les différentes formations géolo-

giques étudiées, au microscope . Q
binoculaire. -

Annales de la Société Géologique du Nord T. 32 (2¢ série)



RECONSTRUCTING EARLIEST DIAGENESIS CONDITION. ..
® ©6 06 06 06 06 06 06 0 0 0 0 0 o o o

400.0pm

o=
X:356 UU Tilt Spot uu Tilt
; 5 UU-0.2

Fig. 4. SEM imaging of the morphologies of the grains. A, B & C:
grains from carbonate beds; D: grains from a marly bed; E: rosette-
like texture of the surface of some grains (samples PR, standing for
patch reef).

Fig 4. Imagerie MEB des morphologies des grains. A, B & C : grains pro-
venant de lits carbonatés; D : grains d'un lit marneux; E : texture en
rosette de la surface de certains grains (échantillons PR, pour patch reef).
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Fig. 5. SEM-EDS analyses (A) and SEM
imaging (B) of grains embedded in resin
and polished. No (concentric) zoning
and no nucleus were observed, either
based on chemical analyses or sections
through grains.

Fig. 5. Analyses SEM-EDS (A) et imagerie
SEM (B) de grains inclus dans la résine et
polis. Aucune zonation (concentrique) ni
aucun nucleus n'ont été observés, que ce
soit sur la base d'analyses chimiques ou
de coupes a travers les grains.



3. RESULTS

3.1. Precursors of the glauconite grains and degree
of maturity

Observations of glauconite grains using light or elec-
tronic microscopes did not allow deciphering whether they
could originate from foraminifer infilling or fecal pellets
(Fig. 4 A-D). Colpaert et al. (2021), in their stratigraphic
study based on foraminifers, did not mention the presence
of glauconite-infilled foraminifers but their plate 2 shows
the presence of some. In addition, regarding the chemical
composition of glauconite, an important aspect is the nature
and composition of the minerals acting as precursor phases
of the authigenic growth. This consideration motivated
thin sections to be cut through glauconite grains. Whatever
the samples they came from, all the grains examined here
through photonic microscopes and SEM imaging yielded
homogeneous inner structure and composition (Fig. 54,
B): no possible precursor of glauconite, no zoning, but only
homogeneous areas are observed (Fig. 5B). In addition to
their composition in potassium and iron mentioned above,
the grains exhibit a number of features indicating a high
degree of maturity. Indeed, XRD always yields glauconite
diffractograms with well-defined peaks, to be related to a high
crystallinity. Through SEM imaging, some grains showed
rosette textures on the surface (Fig. 4E). Rosette-like struc-
tures are a marker of maturity according to Lopez-Quiros
etal. (2019), Banerjee et al. (2012b) or Roy Choudhury et al.
(2021b, 2023). A dark-green color together with the presence
of cracks is commonly associated to a high degree of maturity
(Giresse et al., 2021; Roy Choudhury et al., 2021b, 2023).

3.2. Distribution of the samples in two sets

In what follows, the analytical results are illustrated and
interpreted in two separate sample sets. The set 1 groups
glauconites of various ages and depositional environments
(#1,2,4and 6 of Fig. 1and Table 1). They have been examined
by Tribovillard et al. (2021, 2023a). The geological forma-
tions where these samples come from are summarized in
Table 1. They span a facies range from oyster reefs to chalk
via silty marls and green sands, and an age range from the
Kimmeridgian/Tithonian to the Cenomanian. The deepest
depositional settings correspond to the Cenomanian chalk,
the other ones range between shallow shoreface and (lower?)
offshore, as detailed in Tribovillard et al. (2021, 2023a). The
set 2 groups the samples of limestone beds and marly beds
from the Assises de Croi Fm (Tribovillard et al., 2023b; #3
of Fig. 1). The Assises de Croi Fm is dated as upper Titho-
nian (Albani, Glaucolithus and Okusensis ammonite zones;
Townson & Wimbledon, 1979; Tribovillard et al., 2023b and
references therein). With a thickness of ca. 10 m, the Assises
de Croi Fm yields nodular, glauconitic limestones alternating
with silty, glauconitic marls (Fig. 6 next page). This second

RECONSTRUCTING EARLIEST DIAGENESIS CONDITION. ..
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sample set therefore contains glauconite grain populations
of the same age and deposited under the same energy and
depth conditions, they differ only in their host-rock facies
(limestone versus marl), expressing contrasted diagenetic
processes. Separating the samples into two sets allows the
interpretations to be drawn at contrasting scales: the set 1
will permit interpretations about glauconite populations
spanning various depositional settings and ages, whereas
the set 2 will allow the focus to be set upon small variations
at closer scale.

3.2.1. Sample set 1.

The K O contents of the glauconite samples are relatively
high, distributed between 2% and 9%, most often above 6%
(Fig. 7). Only the chalk samples Craie1-4 rank below 6%.
This figure illustrates that most of the samples may be consi-
dered to be highly mature, according to usual nomenclature
(K,Oabove 8%). The K O contents correlate remarkably well
with Rb contents (R* = 0.97; Fig. 8A). In other words, the
excellent correlation between K O and Rb is not altered by
the contrasting ages and depositional settings of the samples
analyzed (see below). As regards REE, no striking point
can be put forward. If we consider all the REEs, we see that
the parameter YREE brings out from the set of samples the
glauconites contained in four chalk samples (Craie 1-4) as
well as the two condensed levels rich in phosphate shells (P1
& P2) and one of the four patch reefs studied (PR3; Fig. 8B
shaded area). All other samples show comparatively much
lower YREE. The patterns of REE established from glauconite
grainsare grouped in Figure 9 A. No marked tendency stands
out. Anomalies in Ce and Eu are not very marked; those
in Eu are usually weakly positive, those in Ce are weakly
positive or negative. The (La/Lu)N ratio shows a fairly wide
range of values, the values of the (La/Sm)N ratio are more
narrowed and a wider range of values is observed for the
(Gd/YD)N ratio. Noteworthy, the contents (normalized or
not) of Nd and Smare closely correlated, whatever the origin
of the samples (age, depositional setting). The correlation
linking Sm and Nd is classical but, here, it is unaffected by the
depositional or diagenetic conditions (Fig. 8C). As regards
redox-sensitive trace elements, the glauconite samples of the
sample set 1 show relatively high contents in vanadium (V)
and chromium (Cr), these elements yielding some positive
correlation (Fig. 8D). In the same way, although germanium
(Ge) concentrations do not exceed 10 ppm, they generally
show a fair correlation with V concentrations (Fig. 8E).
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Fig. 7. Box diagram of the K,O concentrations measured on 45 samples of glauconite (this work plus non-pu-

blished analyses), showing that most samples rank beyond 8 wt%.
Fig. 7. Diagramme encadré (ou diagramme en boites) des concentrations de K20 mesurées sur 45 échantillons de

glauconite (cette étude + analyses non publiées), montrant que la plupart des échantillons se situent au-dela de K2O
8 % en proportions pondérales.
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Fig. 6. View of the Assises de Croi Fm
pictured between the city of Wime-
reux and the small cape called Rochers
du Fort de Croi (A), located at mid-dis-
tance between Wimereux and the Cap
dela Créche (map in Fig. 1). B: the facies
of the limestone-mar] alternation. The
formation was pictured south of Wime-
reux because there, the outcrop forming a
clear-cut cliff, but it was sampled north of
Wimereux (Pointe de la Rochette) where
the outcrop is more accessible. Photo
used in A was already used in a compo-
site picture of Tribovillard et al. (2023a,
their Figure 2).

Fig. 6. Vue des Assises de Croi Fm photo-
graphiée entre la ville de Wimereux et le
petit cap appelé Rochers du Fort de Croi
(A), situé a mi-distance entre Wimereux
et le Cap de la Créche (carte fig. 1). B: le
faciés de 'alternance calcaire-marne. La
formation a été photographiée au sud de
Wimereux car la, l'affleurement forme
une falaise nettement découpée, mais elle
a été échantillonnée au nord de Wime-
reux (Pointe de la Rochette) o1 'affleure-
ment est plus accessible. La photo utilisée
en A était déja utilisée dans une image
composite de Tribovillard et al. (2023a,
leur figure 2).
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Fig. 8. Various cross diagrams illustrating the respective samples of the two sets examined here. A: K,O versus Rb; B: K,O vs. YXREE; C: Nd vs. Sm;
D: V vs. Cr; E: V vs. Ge. The samples of set 1 are all labelled; only the outliers of sample set 2 are labelled, for the sake of readability of the picture.
Sample names are indicated in Fig. 1.

Fig. 8. Divers diagrammes croisés illustrant les échantillons respectifs des deux ensembles examinés ici. A : K20 versus Rb; B : K20 versus XREE; C : Nd
versus Sm; D : V versus Cr; E : V versus Ge. Les échantillons de I'ensemble 1 sont tous étiquetés; seules les valeurs aberrantes de Pensemble d’échantil-
lons 2 sont étiquetées, par souci de lisibilité de l'image. Les noms des échantillons sont indiqués sur la figure 1.
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Fig. 9. Rare earth element (REE) patterns
(A) and parameters (B) of sample set 1.
Sample locations are indicated in Fig. 1.
B: Distribution of values of REE parame-
ters commonly used to describe patterns
(A). These are the cerium and europium
anomalies, as well as the ratios charac-
terizing light, medium and heavy REE,
respectively. The ellipses show that the
most variable parameters are (La/Lu)N
and (Gd/Yb)N; for easier reading, see
the values table 2.

Fig. 9. Patterns de Terres Rares (REE) (A)
et paramétres (B) de l'ensemble d'échan-
tillons 1. Les localisations des échantil-
lons sont indiquées sur la figure 1. B :
Distribution des valeurs des paramétres
de Terres Rares communément utilisés
pour décrire les patterns (A). 1l s’agit des
anomalies en cérium et en europium,
ainsi que des rapports caractérisant les
Terres Rares légére, medium et lourdes,
respectivement. Les ellipses montrent que
les paramétres les plus variables sont (La/
Lu)N et (Gd/Yb)N; pour une lecture plus
aisée, voir le tableau de valeurs 2.



3.2.2. Sample set 2.

As for the sample set 1, the glauconites of the sample set
2 show relatively high concentrations in V and Cr, with the
respective concentrations of the two elements being corre-
lated. With respect to Ge, the glauconites of the set 2 plot in
the V vs. Ge diagram of Figure 8E consistently with the ones of
the set1. The most striking correlations are observed between
Ndand Sm from one part,and K O and Rb from the other part
(Fig. 8A, C). In addition, a negative correlation is observed
between Al from one side, and K O or Fe O, from the other
side (Fig. 10), while a positive correlation is seen between Al
vs.Si0,and TiO, (Fig. 10A, B). Itindicates that iron and potas-
sium, two key elements with regard to glauconite growth,
are not simply inherited from the precursor aluminosilicate
nucleus the authigenic growth started on. Therefore, part of
the content in both metals must have been captured from
seawater during authigenesis. As for the glauconite of Set 1, no
obvious relation is observed between K O and XREE (Fig. 8B).

RECONSTRUCTING EARLIEST DIAGENESIS CONDITION. ..
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Figure 11A, B allows to compare the respective REE patterns
of the carbonate and marly beds of the Assises de Croi Fm.
The most visible features do not concern the carbonate vs.
marly beds comparison, butinstead three samples (E, F, and
G). differ from their companion samples, either for carbonate
vs. marly beds (Fig. 11A, B). In other words, differences are
more stratigraphic than lithologic. The redox-sensitive trace
metals considered here do not yield any observable trend,
with neither contrast between carbonate vs. marly beds, nor
stratigraphic distributions.

Fig. 10. Various cross diagrams illustrating the samples of the set 2 (Assises
de Croi). A: SiO, versus Ale3; B: AIZOSVS. TiO,; C: AlZO3 vs. Fe,0,; D:
ALO, vs. K,O. Sample labels: b stands for carbonate bed, ib stands for
marly interbed. Sample locations are indicated in Fig. 1

.Fig. 10. Différents diagrammes croisés illustrant les échantillons de l'en-
semble 2 (Assises de Croi). A : SiO2 contre AI203; B : AI203 contre TiO2;
C: A203 contre Fe203; D : AI203 contre K20. Etiquettes des échantil-
lons : b signifie lit (i.e., bancs carbonatés), ib signifie interlit (i.e, interlits
marneux). La localisation des échantillons est indiquée sur la figure 1.
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Fig. 11. REE patterns of sample set 2. A: carbonate beds; B: marlstone
beds (Assise de Croi Fm). Sample locations are indicated in Fig. 1.

Fig. 11. Patterns de Terres Tares (REE) de I'ensemble d'échantillons 2. A :
bancs carbonatés; B : lits de marnes ou interbancs marneux (Assise de
Croi Fm). Les localisations des échantillons sont indiquées sur la figure 1.

4. INTERPRETATIONS

4.1. REE distribution and signs of maturity

Previous works (Fleet et al., 1980 and references therein;
Stille & Clauer, 1994; Kechiched et al., 2018) have shown that
authigenic minerals exhibit relatively complex partitioning
with respect to seawater, regarding REEs. Using selective
chemical extractions, Zhang and Shield (2023) confirmed the
mobility of REE during early diagenesis in marine sediments.
It is established that seawater has a deficit in Ce for redox
reasons and the minerals formed in the ocean environment
record this deficit (e.g., Piper, 1974; Murray et al., 1990; Shol-
kovitz & Schneider, 1991; Wilde et al., 1996; Tostevin et al.,
2016). However, Fleet et al. (1980) report that this deficit does
not appear in authigenic minerals formed in shallow marine
environments. Glauconites from shallow seas sometimes
even show weakly positive anomalies, which are attributed to
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the fact that glauconite preferentially incorporates Ce from
seawater (sort of “cerium pump”). Similarly, seawater is rela-
tively enriched in heavy REEs, due to the propensity of these
REEs to form soluble complexes; however, this enrichment
is not observed in authigenic minerals from shallow marine
environments (Fleet et al., 1980; Deng et al., 2017).

The potassium content (K O) isa classic marker of glauco-
nite maturity used by many authors following the pioneering
work of Odin & Matter (1981). A K O content above 8 wt%
together with a Fe O, concentration of 24%—28% is the
signature of the highly evolved glauconite, the formation of
which lasting over a few hundred of kyrs, or even about one
million yrs. Here, the KO and Fe203 concentrations of the
samples studied correspond predominantly to highly mature
glauconite. It may be stressed that some glauconite grains
of the patch reefs (samples PR) show rosette-like structures
(Fig. 4E). Such structures correspond to evolved but not
highly evolved stages of glauconite development, according
to Banerjee etal. (2019), Oze etal. (2019), Roy Choudhury et
al. (2021b) and Singh et al. (2023). The rosette-showing grains
have, however, high concentrations in iron and potassium.
This discrepancy could be accounted for by the fact that
these samples come from oyster patch reefs that worked as
a sort of glauconite factory (Tribovillard et al., 2023a). The
patch reefs developed at, or close to, cold-seep vents (Hatem
et al., 2016). Cold seep fluids may be sources of dissolved
iron and potassium (Suess, 2014; Olu et al., 1996; Wang et
al., 2017, Zhang et al., 2022). Therefore, as the glauconites
of the samples PR grew close to sources of Fe and K, they
might have been enriched in both metals even if the rosette
structures suggest alesser degree of maturity. Last, Banerjee
etal. (2019) and Oze et al. (2019) noted that such structures
may belinked to infilling (e.g., of foram chambers); however
the morphologies of the grains observed in the present study
did not allow such a conclusion (which does not rule out the
infilling hypothesis).

Tribovillard et al. (2023b) identified precocious glauco-
nite, that formed prior to the hosting, early-diagenetic limes-
tone beds, although showing the geochemical characteristics
of evolved glauconite. In other words, glauconite could form
during earliest diagenesis in a shallow depositional setting
where sedimentation rates were substantial, and yet it bears all
the physical and geochemical characteristics of a glauconite
supposedly grown during protracted durations. This paradox
evidences that the K O content cannot be considered any
longer to be automatically a reliable tracer of the duration
of formation for glauconite (see also Chafetz & Reid, 2000).
Therefore, it may be of interest to know whether REEs can
be an alternative marker for this process. To examine the
trace-element content as a marker of diagenetic conditions,
the question about the nature of the precursor phase must be
addressed: the K O content of a glauconite may be impacted
if the precursor is a K-feldspar. In such a case, using the K O



concentration as a maturity proxy may be pointless. From
the X-ray diffractograms yielding pristine glauconite, the
mineralogical nature of the precursors could not be inferred.
Examining the inner structure and composition using SEM
did not help either in the determination of the precursor
phases. Finally, in the present case, all the glauconite grain
samples studied except for the 4 bulk-rock chalk samples
Craie1 to Craie4) show a high K O content (Fig. 7). However,
it is highly unlikely that all the remaining samples all had a
K-rich precursor. Therefore, we are unable to discuss the role
possibly played by the precursor phases in the composition
of the studied glauconite samples but our results suggest
that their K richness cannot be ascribed to a single type of
precursor; consequently, it will be considered that the KO
content can be used as a marker of the degree of evolution
of glauconite. Accordingly, the possible influence of the
precursors upon the trace element composition cannot be
meaningfully discussed.

Regarding the sample set 1, the YREE factor is not corre-
lated with the KO concentration, butit is observed that the
samples which are the richest in phosphate nodules are also
those showing the highest YREE (7 samples: 4 chalk samples
Craie1to 4, the P1 & P2 levels of the Bancs Jumeaux Formation
and one patch reef PR3; Fig. 8B, shaded area). Noteworthily,
the concentrations in ons and YREE are not correlated,
and yet the usual presence of REE in phosphorites is well
documented in the literature (Kechiched et al., 2018 and
references therein). Regarding the seven samples mentioned
above, the chalk samples come from the Cenomanian levels
which underwent a very pronounced rise in sea level accom-
panied by a strong decrease in the rate of sedimentation
(Amorosi & Centineo, 2000; Amédro & Robaszynski, 1999).
Similarly, levels P1 & P2 correspond to prolonged gaps of
sedimentation (Geyssant etal., 1993; Deconinck et al., 1996;
Deconinck and Baudin, 2008) of a duration estimated to
be in the order of one or two ammonite zones (Hudlestoni
and Pectinatus). Thus, these six samples correspond to the
most condensed episodes of sedimentation among all the
cases studied in this work; it is therefore proposed that the
sedimentation slowdowns are associated with an increase
in the REE content of authigenic glauconite, in relation to
the prolonged exchange times between the seawater and
the glauconite grains being growing authigenically. Beyond
the YREE parameters, are specific distributions of REEs
observable in the patterns? Three of the four chalk samples
show a slight negative anomaly in Ce (samples Craie1—3,
Fig. 9), which could suggest that the glauconites had more
time to incorporate Ce from the seawater. Nevertheless, the
same figure illustrates that this anomaly is not observed for
the fourth chalk sample and no heavy-REE enrichment is
recorded in any of the four samples. The same goes for P1 &
P2, showing neither Ce anomaly, nor enrichment in heavy
REE. Thus, the glauconites that formed under conditions
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of low sedimentation rate did not play any role of “sink”
for Ce and heavy REE. The other samples show hardly any
interpretable trends. A slight enrichment in intermediate
(medium) REE is observed for a certain number of samples
(convex-up shape from La to Tb, Fig. 9). Such enrichment
has already been observed by Fleet et al. (1980) and seems
to be common for glauconite, without the authors offering
any interpretation.

In short, on the basis of the first set of samples examined
here, illustrating different depositional conditions, varying
sedimentation rates and contrasted ages, it appears that the
REE patterns of the glauconites do not allow for the identifi-
cation of interpretable trends. At best, itis observed that the
total REE content (XREE) was higher when sedimentation
rates were lower. This absence of interpretable trends in
the distribution of REEs may be attributable to sampling
heterogeneity. To compare samples of ages that are too far
apart, or deposited in contexts differing from each other
by too many parameters might not be relevant. To test this
hypothesis, a second set of samples was taken into conside-
ration. It is restricted to samples from the same formation
(the Assises de Croi Fm) and therefore of approximately the
same age and deposited under similar conditions (upper
oftshore). In addition, these similar conditions suggest that
the regional-scale seawater composition may have been
stable during the entire deposition of the alternating facies.
However, regarding most specifically the sample set 2, the
results illustrated with Figs. 8 and 11 do not allow any inter-
pretation to be drawn, as far as REE and YREE are considered.
No tendency could be observed, considering the samples of
the carbonate or marly beds, or mixing all the samples. REE
examination does not yield any significant support.

4.2.K O vs. Rb, Sm vs. Nd

For all the samples of glauconite studied (sample sets 1 &
2), the chemical analyses make it possible to draw remarkable
correlations between the contents of K O and those of rubi-
dium (Rb) on the one hand, and between the contents of
samarium (Sm) and those of neodymium (Nd), on the other
hand (Fig. 8). Regarding most specifically the sample set 2,
the concentrations in K O and Rb on the one hand, and Nd
and Sm on the other hand, plot at a consistent location in
a K O vs. Rb diagram or Nd vs. Sm diagram, respectively:
expectedly, the samples of Set 2 are grouped in these diagrams,
in agreement with their similar origin (close in time and
space), compared to the samples of Set 1. Substitution of K
by Rb is common in glauconite as in many other minerals
(e.g., Wiewiora & Lacka, 1985, and, more recently, Rafiei
et al., 2023). The Sm-Nd couple is mainly studied for the
purposes of isotopic dating but the concentrations of these
two elements have hardly been examined as far as we know
(Rafiei et al., 2023). The striking feature of our results is that
in the two diagrams K vs. Rb and Sm vs. Nd (Fig. 8), the
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points align almost perfectly while the glauconites analyzed
are quite heterogeneous with regard to both their age (Titho-
nian, Aptian-Albian, Cenomanian) and their environments
of formation. Thus, despite these disparities, K and Rb on
the one hand, and Sm and Nd on the other hand, were
incorporated in the same proportions in the authigenically
growing glauconite. This suggests that differences in the
chemical composition of the seawater as well as that of the
sediments did not impact the crystal chemistry of glauconite:
diadochic substitutions thus seem to have obeyed very strict
rules. This is interesting in as much as it is thus suggested
that glauconite is not a mineral with loose specifications
depending on the ambiance it grows in during early diage-
nesis: whatever the duration of authigenic growth and the
variations in (interstitial) seawater composition that may
have occurred between the Tithonian and the Cenomanian
in the Boulonnais, glauconite yields constant proportions
between K and Rb,and Smand Nd. Several explanations may
be put forward. The equilibrium between K O and Rb, and
between Sm and Nd, may be interpreted as the indicator of
high maturity, from a crystallochemical point of view, which
demands time. To illustrate this statement, the strontium
abundance of carbonates may be considered. Fast forming
aragonite or calcite incorporate Srin important and variable
proportions, whereas slow-forming or recrystallized calcite
has Srlow contents that fall into rather narrow concentration
ranges (Morse & Mackenzie, 1990). In other respects, the
outstanding correlations shows that neither ‘fractionation’
nor sort of ‘Rayleigh distillation” occurred between the two
pairs of elements. It is inferred that the glauconite growth
took place in close contact with an ‘infinite reservoir’ of
dissolved elements (Rb, K, Nd, Sm), that is, the open seawater
reservoir. With the proximal depositional settings described
here, where sedimentation rates must have been relatively
high, unhindered contacts with marine water masses imply
that authigenic growth must have been (relatively) rapid.
However, ’earliest diagenesis” does not necessarily implies
‘shortest duration’: the glauconite at stake here may well
have formed during the earliest stages of diagenesis but the
process may have lasted quitelong (J.-F. Deconinck mentions
evidences for some depositional gaps within the Assises de
Croi Formation; personal communication 2024) . The words
early or late diagenesis express here a chronological succes-
sion with no precise quantification of duration. Although no
quantitative data regarding the duration of glauconite growth
are available here, it may be stated that, from a qualitative
point of view, the depositional settings discussed here were
shallow (at mostlower offshore) and, thus, the sedimentation
rate was probably not null. Consequently, even iflong periods
of growth might be envisioned in such shelfal settings, these
durations are not likely to be extreme. A way to reconcile the
need for a long time of growth accompanying episodes of
condensed sedimentation (van Houten & Purucker, 198s;
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Follmi, 2016) and proximal settings with possible relatively
high sedimentation rates would involve the role played by
winnowing processes (Giresse & Wiewiora, 2001; Follmi,
2016). Proximal settings may witness episodes of conden-
sation prone to formation of glauconite, and episodes of
deposition, with glauconite being concentrated through
winnowing.

4.3. Redox proxies of the two sample sets

The glauconites of the two sample sets show rather high
concentrations in both V and Cr (both being correlated) and
acorrelation between V and Ge. Vanadium is along-known
redox-sensitive element that has been intensively studied
(Breit & Wanty, 1991; Wanty & Goldhaber, 1992; Tribovillard
et al., 2006; Meunier, 1994; Huang et al., 2015; Gustafsson,
2019; Haase et al., 2024). Vanadium is also known to be incor-
porated into phyllosilicates during diagenesis in a reduced
stage (Huang et al., 2015; Gustafsson, 2019). Therefore, as
formation of glauconite has been proved to take place during
earliest diagenesis in the Assises de Croi Fm, V concentrations
must be a reliable marker of the redox conditions developing
at the sediment-water interface (or close to it), during the
initial stages of diagenesis/authigenesis.

Germanium (Ge) has been proven to be redox sensitive
in sedimentary environments (Tribovillard etal., 2011, 2021),
during its substitution to Si in silicates (e.g., Rouxel et al.,
2006; Tribovillard, 2013). Therefore, the correlation between
V and Ge in glauconites is quite logical in the present case.
Chromium is also reputed to be redox sensitive (to some
extent) and to be brought to the sediments together with
organic matter (Tuttle et al., 2009; Semeniuk et al., 2016).
Bruggmann etal. (2023) recently insisted on the importance
of the role played by organic matter in the enrichment of the
sediment in Cr. In the present case, organic matter is lowly
abundant in the deposits of the Assises de Croi Fm (TOC
< 0.5%; Tribovillard et al., 2023b). In addition, Rock Eval
pyrolysis showed that the organic matter is of Type III, that
is, most probably issued from terrestrial organic products
or degraded marine organic matter. Thus, the richnessin 'V,
the paucity of organic matter, the absence of well-preserved
marine organic matter strongly suggest that bottom condi-
tions were reducing and marine productivity was modest.
With such reducing redox conditions, high productivity
would have expectedly induced significantly higher TOC
values and the presence of Type-II organic matter, which is
not the case. Consequently, under depositional conditions
characterized by reducing conditions and low organic supply,
the enrichment in Cr and the correlation between V and Cr
may be ascribed to the sole redox conditions.



4.4. Grain size of the glauconites of the sample set 2
(Assises de Croi Fm)

As mentioned in previous works, the HCl-leached frac-
tion of the rock samples contains quasi-exclusively quartz
and glauconite (Tribovillard et al., 2023a, 2023b). These two
mineral species were efficiently separated using a magnetic
separator and could be analyzed separately. The grain size
analyzes are presented and discussed in Tribovillard et al.
(2023b). The glauconite grains of the alternating carbonate and
marly beds of the Assises de Croi Fm have been reported to
have grown during earliest diagenesis, prior to the diagenetic
precipitation of the carbonate beds (Tribovillard et al., 2023b).
The results of importance for the present paper are gathered
in Fig. 12 showing curves of grain size distribution for quartz
and glauconite, whether they come from carbonate beds or
from marly ones in the Assises de Croi Fm. The populations of
quartz grains show a well-sorted, unimodal size distribution,
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whereas the populations of glauconite grains are poorly sorted.
The size distribution curves of the populations of quartz
grains yield peaks between 100 pm and 200 pum for both bed
and interbed facies. In contrast, the modes of the glauco-
nite curves correspond to larger particule size in the marly
beds compared to the carbonate beds. For the bed-hosted
glauconites, all the curves but one are superimposed, with
a main mode centered around 25 um, whereas the curves
of the interbed-hosted glauconites show modes dispersed
between 30 pm and 100 um. Thus, the glauconite particles
of the marly beds are larger and more heterogeneous than
those of the carbonate bed (they do not overlap so well). In
contrast, the size distribution curves of the populations of
quartz grains show similar patterns for the carbonate vs. marly
beds, thus indicating that the level of hydrodynamic energy
was similar for both environments of deposition. Thus, the
discrepancy in the distribution of the glauconite grain sizes
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Fig. 12. Grain size distribution curves of glauconite and quartz grains from carbonate beds or marlstone beds of the Assises de Croi Fm. For the
glauconite grains, the curves are superimposed in the carbonate beds (shaded area) but not in the marly ones. In the latter, the peaks tend toward an
end-member position that can also be observed for the beds. For the quartz grains, the curves are similar for the beds and internats (shaded area).
Fig. 12. Courbes de distribution granulométrique des grains de glauconite et de quartz des niveaux carbonatés ou marneux des Assises de Croi Fm.
Pour les grains de glauconite, les courbes se superposent dans les lits carbonatés (zone grisée) mais pas dans les interbancs marneux. Dans ces der-
niers, les pics tendent vers une position extréme que l'on peut également observer pour les bancs calcaires. Pour les grains de quartz, les courbes sont

similaires pour les bancs et les interbancs (zone ombrée).
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cannot be explained by contrasted hydrodynamics but it
can be accounted for by contrasted duration of authigenic
growth. The glauconite in the case of marly beds is larger and
more homogeneous in size, as if a prolonged growth of the
authigenic grains would have tended towards a maximum
terminal size over time (a sort of end member). At the end
of the growth process, the authigenic grains would fall into
a relatively narrow range of particle size value. Contrarily,
inside the carbonate beds, the glauconite is smaller and less
homogeneous in size. Glauconite growth preceded that of the
carbonate beds, but the precipitation of carbonates isolated
the glauconite grains from the marine environment as they
were growing. Being isolated from their aqueous environment,
the grains could not continue their growth and did not reach
the same size limit as in the case of the grains of the marly
beds, i.e., the size of syngenetic glauconites would reflect the
duration of their growth. This hypothesis is supported by the
geochemical argument discussed above: the glauconites of
the depositional milieus characterized by low sedimentation
rates are the richest in REE (highest YREE).

4.5. Implications for the causes of the limestone-
marl alternation of the Assises de Croi Fm

The two facies of this formation are strikingly contrasted
upon field observation; however, they cannot be distinguished
using geochemical criteria (trace metals and REE) for glauco-
nite examination. In other words, the glauconite witnessed
what was going on during earliest diagenesis but did not
record any difference or variation in the redox status of the
sediment-water interface. This observation is in contrast with
what Bellanca et al. (1997) observed, examining the bulk-rock
REE distribution in limestone-marlstone couplets from the
hemipelagic Cretaceous of Venetia. These authors carried
out the sole study available in the literature (to the best of
our knowledge; see also a related study by Su et al., 2020),
comparing REE distribution in limestone beds vs. marly
beds from limestone-marl alternations. They concluded
that REE were impacted by redox conditions but they did
not study specifically the authigenic phyllosilicate fractions.
Their results encompass what was occurring in the entire
water column and not specifically what was going on at the
very sediment-water interface as is done in the present work.

The grain size distributions of quartz populations of both
facies do notyield any difference, indicating that the levels of
energy were similar during particle settling. Consequently,
the diagenetic precipitation of limestone nodules and beds,
which happened after sediment accumulation and glauconite
growth, was not conditioned by the grain size of the detrital
supply nor by redox conditions. The carbonate fraction of
the beds bears the imprint of organic carbon in that the stable
isotope composition of C shows negative values, differing
from seawater signature of Late Jurassic seas and oceans
(Tribovillard et al., 2023b). The nodules and beds growth
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incorporated “light” carbon released by organic-matter remi-
neralization, circulating per ascensum. Why the carbonate
precipitation happened at specific levels within the sedi-
ments, forming continuous beds, is not evident. Neverthe-
less, it was not induced by the grain size distribution of the
clastic particles. The role of permeability barriers opposing
to fluid circulation and inducing carbonate saturation and
precipitation can thus be ruled out. The carbonate supersa-
turation must be related to the presence of organic matter
or methane, and biogenic bicarbonate ions inducing/foste-
ring diagenetic precipitation, ending with limestone beds
being aligned parallel to the sea bottom and bedding. See for
instance the recent paper of Akam et al. (2023) and references
therein. Such a stratal layout of authigenic carbonate beds
and coalescent nodules was examined with the parallel two
(occasionally three) beds of the Tithonian Bancs Jumeaux
Fm of the Boulonnais (Table 1; Tribovillard et al., 2012). The
explanations involved episodic spills of fluids onto the sea
bottom, released by cold seepage sites. Our data do not allow
this scenario to be ascertained in the present case but (at least
some) alternative scenarios can be ruled out.

5. CONCLUSIONS

This work brings new elements to our understanding the
complex mineral glauconite. First, the glauconites studied
here show morphological and geochemical indications of
maturity, according to the classical criteria, which suggests
a protracted period of growth. Besides, over a range of age
spanning the Late Jurassic and mid- and Late Cretaceous, and
over arange of shelfal environments, the glauconite studied
all show narrowly identical values for the Rb:K O and Sm:Nd
ratios, respectively. Such constant ratios also suggest that a
crystal chemical equilibrium had enough time to establish a
balance, and that the authigenic growth was operating in an
infinite reservoir, that is, close to the sediment-water inter-
face. Long time, proximity to the sediment-water interface:
both facts suggest slow sedimentation rates. However, in
other respects, the glauconite grains of the Assises de Croi Fm
terminated their growth during early diagenesis. Thus, it is
concluded that glauconite can gain the signs of mineralogical
maturity during early diagenesis. Early diagenesis is not
incompatible with long time; nevertheless, all the glauconites
at stake here formed in shelfal environments, that is, in places
where sedimentation rates may hardly be close to zero during
protracted periods of time. Intermittent sedimentation over
time with repeated episodes of winnowing may explain a
(relatively) long time for the formation of glauconite on the
one hand, and an agitated sedimentary environment with
terrigenic inputs, on the other hand. Anyway, as we have no
means to assess the quantitative duration of the growth of
glauconite, we will only refer to early diagenesis, regardless
to its duration. Second, no robust information could be



derived from the REE distributions but one: the total amount
of REE ( YREE) could echo the duration of formation of
glauconite. Therefore, our results reinforce the view that
REE of authigenic minerals are of little help to decipher
(past) environmental conditions of shallow marine milieus.
Third, the limestone-marl alternation of the Assises de Croi
Fm allows early diagenetic glauconite to be used as a witness
ofthe conditions developing at or below the sediment-water
interface. The facies alternation has no relation to see with
alternating redox conditions affecting the sediment-water
interface, nor with the hydrodynamic energy during particle
settling. The reason(s) why diagenetic carbonate beds did
form with a stratiform geometry remain a bit unclear but, at
least, our results allow excluding some of the potential factors.
Lastly, the grain size distribution of the glauconite grain
populations is by far the clearest parameter allowing glauco-
nite to be distinguished between diagenetic carbonate beds
and marly interbeds. This study illustrates that the glauconite
growth was hampered by the diagenetic formation of the
carbonate beds that caged glauconite grains, thus preventing
any further growth. Oppositely, glauconite growth was not
hampered in the marly interbeds and the grains tended to
an end-member size that could not be exceeded.
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